
R E P O R T S  

neuron responded at the second syllable, and the 
response was suppressed by deletion of the first or 
second syllable. 

13. D. Margoliash, J. Neurosci. 3. 1039 (1983); D. Mar- 
goliash, E. S. Fortune, J. Neurosci. 12, 4309 (1992). 

14. We gathered sufficient data from 14 neurons (from 
three birds) to permit quantitative comparisons be- 
tween ongoing discharge and singing. lnterspike in- 
terval histograms of the ongoing discharge of RA 
neurons during sleep are bimodal; the Longer interval 
peak is related to nonbursting activity. Thus, bursts 
were defined as continuous sequences of interspike 
intervals falling outside of the normal (nonbursting) 
distribution of intervals. 

15. Two tests of significance 	were devised. For each 
neuron, a distance was computed between each 
ongoing burst and the exemplar stretch of activity 
during singing. Each best match (Lowest distance) 
was tested for significance by using a bootstrap 
procedure that assessed the probability of occur- 
rence of the exact sequence of intervals observed 
in the burst. In the second test, for the one bird 

with the greatest number of recordings, we also 
compared each neuron's ongoing discharges during 
sleep with the premotor data from other neurons. 
For seven out of eight neurons, there were more 
matches with the neuron's own premotor data 
than with the premotor data from the other neu- 
rons. The same neuron failed t o  achieve signifi- 
cance in both tests. 

16. The procedures for identifying bursts in ongoing ac- 
tivity, matching bursts to premotor activity, and as- 
sessing the significance of the matches are described 
in detail on Science Online (24). 

17. M. Konishi, Z. Tierpsychol. 22. 770 (1965). 
18. C. E. Carr, W. Heiligenberg, C. J. Rose,]. Neurosci. 6. 

107 (1986); 1. Neurosci. 6, 1372 (1986); A. Moiseff, 
M. Konishi, J. Neurosci. 1, 40 (1981); C. E. Carr. M. 
Konishi, J. Neurosci. 10, 3227 (1990); G. Laurent, M. 
Wehr, H. Davidowitz, 1. Neurosci. 16, 3837 (1996); 
R. C. decharms, M. M. Merzenich, Nature 381, 610 
(1996); A. K. Engel. P. R. Roelfsema. P. Fries, M. Brecht, 
W. Singer, Cereb. Cortex 7, 571 (1997); Y. Prut et al., 
J. Neurophysiol. 79. 2857 (1998). 

Structure of Murine CTLA-4 and 

I ts Role in Modulating T Cell 


Responsiveness 

David A. ~strov, '~'  Wuxian hi,' Jean-Claude D. ~chwartz,' 


Steven C. ~lrno,'* Stanley C. Nathen~on',~* 


The effective regulation of T cell responses is dependent on opposing signals 
transmitted through two  related cell-surface receptors, CD28 and cytotoxic T 
lymphocyte-associated antigen 4 (CTLA-4). Dimerization of CTLA-4 is required 
for the formation of high-avidity complexes wi th  87 ligands and for transmis- 
sion of signals that attenuate T cell activation. We determined the crystal 
structure of the extracellular portion of CTLA-4 t o  2.0 angstrom resolution. 
CTLA-4 belongs t o  the imminoglobulin superfamily and displays a strand 
topology similar t o  Va domains, wi th  an unusual mode of dimerization that 
places the B7 binding sites distal t o  the dimerization interface. This organization 
allows each CTLA-4 dimer t o  bind two  bivalent B7 molecules and suggests that 
a periodic arrangement of these components within the immunological synapse 
may contribute t o  the regulation of T cell responsiveness. 

T cell-dependent immune processes require 
cell-surface interactions that mediate the ini- 
tiation, modulation, and the ultimate course 
of the response. The specificity of T cell 
recognition is determined by the engagement 
of the T cell receptor (TCR) on T cells with 
cognate peptide-major histocompatibility 
complex (MHC) complexes presented by an- 
tigen-presenting cells (APCs) (1, 2). Addi-
tional signals are required to sustain and en- 
hance T cell activity, the most important of 
which is provided by the engagement of 
CD28 on T cells with its ligands B7-1 
(CD80) and B7-2 (CD86) on APCs (3, 4).  In 
contrast. the interaction of B7 isoforms with 
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CTLA-4, a CD28 homolog (31% identity), 
provides inhibitory signals required for 
down-regulation of the response (5).  

Unlike CD28, which is expressed on rest- 
ing T cells, CTLA-4 is not detected on the 
cell surface until 24 hours after activation, 
peaking at 36 to 48 hours after activation (6). 
In addition, CTLA-4 exhibits an affinity for 
the B7 isoforms that is 10 to 100 times that 
for CD28 ( 7 ) . On the basis of these differ- 
ences in expression patterns and affinities. it 
is likely that CTLA-4 directly competes with 
CD28 for binding B7 and also directs the 
assembly of inhibitory signaling complexes 
that lead to quiescence or anergy (8). Consis- 
tent with the inhibitory role of CTLA-4, mice 
deficient in CTLA-4 die as a consequence of 
unchecked polyclonal T cell expansion. 
which results in fatal lymphoproliferative dis- 
orders (9) .  Thus, the balance between the 
opposing signals elicited by CD28 and 
CTLA-4 is central to the regulation of T cell 
responsiveness and homeostasis (10). 
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Because of its dominant role in modulating 
T cell activity, CTLA-4 has received consider- 
able attention as a therapeutic agent (11).The 
soluble CTLA-4-immunoglobulin (CTLA-4-
Ig) fusion protein acts as an Inhibitor of CD28- 
B7 costimulation and has specific inhibitor?/ 
effects in animal models of autoimmunity, 
transplant rejection, asthma, and allergy (3. 12). 
The efficacy of CTLA-4-Ig treatment of hu- 
man disease has been demonstrated in clinical 
trials on patients with psoriasis vulgaris (13). 
This approach may well extend to a variety of T 
cell-mediated diseases including autoimmune 
diabetes, rheumatoid arthritis, systemic lupus 
erythematosus, and graft-versus-host disease 
(13) In contrast to strategies that interfere with 
the CD28-B7 association, reagents that ~nter- 
fere with the CTLA-4-B7 interaction intensify 
specific T cell responses. For example. block- 
ing antibodies directed against CTLA-4 en-
hance rejection of preestablished tumors and 
protect against secondary challenge in animal 
models of prostate cancer and colon carcinoma 
(14). 

The structure of the soluble extracellular 
domain of murine CTLA-4 (15) revealed two 
independent copies of the CTLA-4 dimer in 
the asymmetric unit of the crystal (Fig. 1 .  A 
and B. and Table 1) (16). The CTLA-4 
monomer is a two-layer P-sandwich that ex- 
hibits the chain topology found in the irnmu- 
noglobulin variable domains (Fig. 1A) ( 1 7 ) .  
The front and back sheets. composed of 
strands A'GFCC' and ABEDC". respectively, 
are connected by two intersheet disulfide 
bonds. The disulfide bond between the B and 
F strands is a signature for the immunoglob- 
ulin fold; the disulfide bond joining strands 
C' and D is unique to the CD28'CTL.A-4 
family (Fig. 1A) (1 7. 18). 

The nuclear magnetic resonance ( N M R )  
structure of a monomeric form of human 
CTLA-4 (18) shows the same overall topol- 
ogy as the murine homolog, with a root mean 
square (rms) deviation of 2.4 a between 
equivalent C a  atoms. The most significant 
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difference involves the C" strand, which in 
the crystal structure is hydrogen-bonded to 
the ABED sheet, as in Va domains (Fig. 1A); 
in the NMR structure this region is defined as 
a loop and does not interact with either sheet 
(A'GFCC' or ABED). Structural alignment 
(19) shows that CTLA-4 is most similar to 
the Va and VH domains present in antigen 
receptors, with rms deviations of 3.0 and 3.1 
A, respectively (20). 

The CTLA-4 dimer interface is not formed 
by the A'GFCC' sheet (hnt-to-front packing) 
as observed in variable (v-type) immunoglobu- 
lin dimers, such as VaVp and VLVH het- 
erodimers and CD8 homodimers (21). Instead, 
CTLA-4 exhibits a dimer interface similar to 
that present in the constant (c-type) family 
members, such as CH3 homodimers and CLCH1 
heterodimers, which involves the BED strands 
(back-to-back packing) (Fig. 1B) (22). Several 
distinct features of the CTLA-4 monomer are 
consistent with this unusual dimerization mode: 
(i) The fiont sheet of CTLA-4 is flatter than 
other v-type immunoglobulin domains, preclud- 
ing a number of contacts critical for front-to- 
fiont packing; (ii) CTLA-4 lacks one (C' strand) 
of the two fi bulges (C' and G) in the fiont sheet 
that are characteristic of fiont-to-front packing; 
(iii) the fiont sheet of CTLA-4 is considerably 
less hydrophobic than v-type dimers, consistent 
with its exposure to solvent; (iv) the placement 
of the C' strand in CTLA-4 augments the back 
sheet (strands ABEDC"), contributing six van 
der Waals contacts to the dimerization interface 
that are not present in other v-type dimers; and 
(v) modeling studies show that putative fiont- 
to-front packing of CTLA-4 monomers is steri- 
cally incompatible with the known binding sur- 
face for B7 ligands (18). 

The CTLA-4 dimer interface is stabilized 
by four hydrogen bonds, 48 van der Waals 
contacts, and 15 water-mediated hydrogen 
bonds, involving a number of residues that 
are largely conserved among CTLA-4 ho- 
mologs, including His14, GluZ2, Arg74, and 
GlnS0 (Fig. 1C). These residues are not con- 
served in CD28 (Fig. 2), suggesting differ- 
ences in the dimer interface andlor quaternary 
organization. The total surface area buried at 
the CTLA-4 dimer interface is 1597 A2, 
which is comparable with the C,CH1 (1500 
to 2100 A2) and CH3CH3 interfaces (2200 
A2) (23). Although CTLA-4 and the c-type 
immunoglobulin dimers both utilize back-to- 
back packing, the relative orientation of the 
monomers within the dimers differs consid- 
erably. Superposition of a CTLA-4 mono- 
mer with CH1 would require a 10" to 12O 
rotation and a 9 to 10 A translation to align 
the second CTLA-4 monomer on C, (24). 
The structure of human B7-1 reveals that 
the membrane distal domain, which binds 
CTLA-4, displays the v-type immunoglob- 
ulin topology and also homodimerizes via 
the back face (25). The structural similarity 
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Fig. 1. Structure of CTLA-4. (A) On A v type 
the right, ribbon diagram of the 
CTLA-4 monomer. The p strands are 
labeled: A (3 to 6), A' (7 to 1 I), B (16 
to 24). C (30 to 39). C' (43 to 53). C" 
(56 to 59), D (65 to 70), E (74 to 80), 
F (87 to 99), and C (103 to 114). The DE B A G F C C C "  
A'CFCC' (front) and ABEDC" (back) 
sheets are shown in gold and blue, 
respectively. lntersheet disulfide VdCTLA-4 type 
bonds between the B and F strands 
and between the C' and D strands are 
shown in yellow. lnset on the top left 
shows the strand topology for typical 
v-type immunoglobulin domains (e.g., 

shows the strand topology for Va do- 
mains and CTLA-4 in which the c'' 
strand is part of the back sheet. (B) B 

m 
V,, V ,  Vp). lnset on the bottom left C1'DEB A GFCC' 

Ribbon diagram of the CTLA-4 dimer. 
The CTLA-4 homodimer is oriented 
with the molecular diad axis situated 
vertically in the plane of the page. In 
this orientation, the COOH-termini 
extend from the bottom of the mol- 
ecule. The dimer interface is formed 
primarily by the ABEDC" (back) W 1  
sheets, shown in blue. The CDR anal- 
ogous regions, CDRI (BC loop), CDR2 C 
(C'C" loop), and CDR3 (FC loop), form 
the top surface of the molecule. The 
distance between the CDR3 analo- 
gous regions in the dimer is 47 A. (C) 
Detailed view of the CTLA-4 dimer 
interface. The twofold axis of the 
dimer is perpendicular to the page. 
The backbones of the CTLA-4 mono- 
mers are shown in green and in sky 

.blue. The side chains involved in hy- 
drogen bonding and van der Waals 
interactions at the dimer interface are 
displayed (23), with C, 0, and N atoms depicted in yellow, red, and blue, respectively. Fig1 
made with the program SETOR (41). 

ure 1 was 

Fig. 2. Sequence alignment of the CTLA-4 and CD28 family (43). CTLA-4 and CD28 sequences were 
aligned with ClustalX (42). Positions with 50 to 100% sequence similarity are colored in hues 
graded from yellow to green. Mutations that affect the binding of CTLA-4 to B7 are labeled "*". 
Residues contributing to hydrogen bonds at the CTLA-4 dimer interface are indicated with filled 
circles. The p strands were defined according to the murine CTLA-4 structure. Figure 2 was made 
with ALSCRIPT (44). 
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within this receptor-ligand pair suggests an ing the FG loop, the BC loop, and residues on 
evolutionary relationship. the A'GFCC' face T p 5 ,  Leu37, 

Mutagenesis studies have identified a se- G ~ u ~ ~ ,  T W ~ ;  Fig. 3C) (18,26). The FG loop, 
ries of residues involved in B7 binding that which is analogous to CDR3 present in im- 
cluster to a single surface on CTLA-4 includ- munoglobulins and TCRs, contains the 

Met97TyrProProProTyr"'2 sequence motif, 

A which is highly conserved in CTLA-4 and 
CD28 sequences from different species (Fig. 
2) and is critical in mediating the interaction 
with B7. The unique cis-trans-cis conforma- 
tions of the three consecutive proline residues 
and their relatively low B factors suggest that 
these residues play a direct role in binding B7 

T cell 

APC 

Fig. 3. 87 binding sites on CTLA-4 and place- 
ment of CDR3 regions in dimers of immuno- 
globulin domains. The molecular surfaces of the 
TCR VaVP heterodimer (Itcr) and the CTLA-4 
homodimer (Idqt) are shown in (A) and (B), 
respectively, with the CTLA-4 twofold axis ori- 
ented perpendicular to  the page. Because of 
front-to-front packing in the TCR, the CDR3 
regions shown in red are juxtaposed at the 
dimer interface (A), whereas the back-to-back 
packing present in CTLA-4 positions the CDR3 
regions distal to  the dimer interface (B). The 
two 87 binding sites on the CTLA-4 ho- 
modimer, as mapped by mutagenesis (26), in- 
clude the FG loop (CDR3) shown in red, the BC 
loop (CDRl) shown in yellow, and solvent- 
accessible residues on the A'GFCC' sheet 
(GIu3l, Arg33, G ~ u ~ ~ ,  Lysg3, Glug5, Phelo3, and 
Vallo4), shown in yellow (78). In contrast to  
VaVP and Fab, which are monovalent for their 
respective ligands (i.e., peptide-MHC complex 
and antigen), the placement of ligand binding 
sites at the extremes of the CTLA-4 dimer 
suggests that each CTLA-4 monomer may in- 
teract with an individual B7 dimer. (A) and (B) 
were prepared with GRASP (45). (C) Model of 
organized interactions between CTLA-4 and 87 
dimen in the immunological synapse. CTLA-4 
dimers, shown in red, are depicted with their 
COOH-termini modeled to  include the disulfide 
bond at Cys120 near the T cell plasma mem- 
brane. CTLA-4 was manually docked to  87-1 
dl ,  shown in light blue, to  maximize the inter- 
action between residues implicated by site- 
directed mutagenesis, in particular, CDR3 
(Metg7TyrProProProTyrlo2) of CTLA-4, and a 
hydro hobic patch on the A'GFCC'C" face of 
87-1 65). Each CTLA-4 dimer is depicted as 
binding two independent 87 dimers with an 
intermolecular spacing of approximately 77 A 
and an intermembrane distance spanned by 
the CTLA-4-B7 ligand pair of approximately 
100 A. (C) was made with the program 
SETOR (47). 

and are required to maintain the loop in a 
productive binding conformation. Residues 
in the BC loop, the region analogous to 
CDR1, also appear to be determinants of 
binding affinity, as grafting the CDRl region 
of CTLA-4 onto CD28 dramatically in- 
creased the binding strength of the chimeric 
molecule for B7 (26). A prominent feature 
evident on the B7 binding surface of CTLA-4 
is a predominantly hydrophobic pocket, ap- 
proximately 10 A in diameter and 9 A deep, 
formed by residues contributed by the CDR1- 
and CDR3-like loops. This pocket may con- 

Table 1. Crystallographic analysis. Native and selenomethionyl-substituted Mus musculus CTLA-4 were 
expressed in Escherichia coli. Crystals of CTLA-4 were grown by hanging drop vapor diffusion at 18°C. A 
portion (2 p,I) of a 10 mglml protein solution was mixed with 2 p,I of crystallization buffer composed of 
20% PEG 6000, 2.0 M NaCI, pH. 6.5, and equilibrated against a I-ml reservoir of the same buffer. 
Diffraction from these crystals is consistent with the space group P4,2,2 (a = b = 112.85 A, c = 102.50 
A; four monomers in the asymmetric unit, 58% solvent). Crystals were transferred stepwise to 
cryoprotectant solution containing 20% ethylene glycol in crystallization buffer and flash cooled at 100 
K. MAD data were collected at beamline Xl2C (National Synchrotron Light Source, Brookhaven National 
Laboratory). Data were recorded at wavelengths of 0.9789, 0.9786, and 0.9500 A on a Brandeis 
charge-coupled device detector and reduced with the HKL suite (34). The 12 selenium sites were located 
by direct methods (35) and by difference Patterson and cross validation difference Fourier methods 
implemented in the SOLVE package (36). Electron density maps, enhanced with fourfold noncrystallo- 
graphic averaging and solvent flattening using DM (37), allowed 95% of the residues to be traced using 
the program 0 (38). The model was refined against native data collected on a MAR345 detector at 
beamline X9B (NSLS, BNL) and subjected to anisotropic and bulk solvent correction, simulated annealing 
refinement, and individual B-factor refinement using the CNS package (39). The final model is of high 
quality, with 99% of the residues in the most favored and additionally allowed regions (40). The rms 
deviation between related by noncrystallographic symmetry is 0.5 A. 

Data collection statistics 
Data set CTLA-4 native Se edge 
Detector Mar345 Brandeis CCD 
Beamline X-9B (NSLS) X-12C (NSLS) 
Resolution (A)* 2.0 3.0 

(2.07-2.00) (3.05-3.00) 
Wavelength (A) 0.9789 0.9789 
Reflections: 

Total 301,486 77,098 
Unique 44,587 13,676 
I/u(l) 36.5 (5.7) 21.0 (9.1) 

Completeness: 99.4 (95.7) 98.7 (100.0) 
R,, (%It 6.2 (36.3) 6.9 (12.7) 
Ranom (%I$ 4.9 

Refinement statistics 
Resolution (A) 20.0-2.0 
R,,, (%I§ 20.9 
RfEe (%)I1 25.4 
Reflections over 2u: 

For refinement 35,364 
For Rh, 3,965 

Protein atoms 3,632 
Water molecules 43 1 
Average B factors (A2) 
Protein 31.9 
Water 42.4 
rms deviations from ideal 
Bond lengths (A) 0.009 
Angles (") 1.55 

Ramachandran plot 
Most favored (%) 92.0 
Additionally allowed (%) 7.0 
Generously allowed (%) 1 .O 
Disallowed (%) 0.0 

Se peak 
Brandeis CCD 

X-12C 
3.0 

(3.05-3.00) 
0.9786 

76,888 
13,669 

18.0 (7.3) 
98.7 (100.0) 
8.8 (16.3) 

6.8 

Se remote 
Brandeis CCD 

X-12C 
3.0 

(3.05-3.00) 
0.9500 

*Values in parentheses are for the highest resolution shell. tR,, = S, 1 I,,- (/,>I /Pi 1 lhil, where h specifies unique 
reflection indices, I indicates symmetry equivalent obsewations of h. pTm = Zh 11,- - /;I 1 %  I/,,+ + ih-l# 
where h specifies unique reflection indices. BR.,,-, = Z IF, - F, I I Z F for all reflections, where F, and F, are 

v - 
the observed and caliulated structure factors, ieip' ihive~~. IIR,, was ~lculated against 10% of the" reflezons 
removed at random from the refinement. 
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tact a hydrophobic patch on the membrane 
distal part of B7-1, including Met38, Tip50, 
and Tyr53, which are essential for binding to 
CTLA-4 (25). 

Certain features of the CTLA-4 dimer, in 
particular the placement of CDR3, appear to be 
relevant to its interaction with B7 and the reg­
ulation of signaling events at the synapse 
formed by the T cell-APC interface. As a con­
sequence of the unusual dimerization mode 
used by CTLA-4, the FG loop (CDR3) is lo­
cated distal to the dimerization interface (Figs. 
IB and 3B). This organization contrasts with 
other v-type immunoglobulin domains where 
CDR3 is located proximal to the dimer inter­
face (Fig. 3A), and provides CTLA-4 with the 
potential for novel ligand-binding interactions. 
A model of the CTLA-4/B7 complex was gen­
erated by manual docking, which maximized 
the interactions of residues contributing to the 
binding interface as defined by site-directed 
mutagenesis (Fig. 3C). This model predicts that 
the CTLA-4-B7 interface is formed primarily 
by the front sheets (A'GFCC) of the respective 
molecules and buries a total surface area of 
— 1200 A2. This packing arrangement is similar 
to that observed in the structures of the hetero-
philic CD2/CD58 and homophilic Po-Po com­
plexes that bury 1507 and 984 A2, respectively 
(27, 28). 

The dimeric organization of both CTLA-4 
and B7-1 at the T cell-APC interface is consis­
tent with the formation of a periodic structure, 
in which each CTLA-4 dimer bridges two B7 
molecules, with an interdimer spacing of —77 
A (Fig. 3C). Steric considerations appear to 
preclude a bidentate interaction between indi­
vidual CTLA-4 and B7 dimers. The dimensions 
of the CTLA-4 and B7 molecules suggest an 
intermembrane distance of —100 A, which is 
compatible with the linear dimensions of the 
TCR-i>eptide/MHC and the CD2-CD58 com­
plexes that measure approximately 130 A in 
their maximum dimension (2, 27). 

The putative organization of the CTLA-4-
B7 complex suggests that in addition to antag­
onism of CD28 costimulation through compe­
tition for B7 by high-avidity CTLA-4 dimers, 
more elaborate regulatory mechanisms might 
operate by the recruitment and ordering of in­
tracellular signaling components to the TCR 
complex in the immunological synapse (29, 
30). Initial engagement between T cell and 
APC results in phosphorylation of the TCR £ 
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chain, and directs subsequent cytoskeletal 
events that lead to clustering of the TCR and 
peptide-MHC complexes within the synapse. 
As CTLA-4 coimmunoprecipitates with both 
TCR I and SHP-2 phosphatase, the binding of 
CTLA-4 to B7 in the central region of the 
synapse could inhibit TCR signaling by direct­
ing the SHP-2-mediated dephosphorylation of 
TCR £ (31-33). This physical linkage between 
CTLA-4 and the TCR complex also suggests 
that CTLA-4 might direct short-range ordering 
of signaling components within the central zone 
of the immunological synapse. Thus, CTLA-4 
might function as both a competitor of CD28 
function and as an organizing element required 
for negative signaling within the synapse. 
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